Basal subtype cancers are deadly malignancies but the molecular events driving tumor lethality are not completely understood. Ataxia-telangiectasia group D complementing gene (ATDC, also known as TRIM29), is highly expressed and drives tumor formation and invasion in human bladder cancers but the factor(s) regulating its expression in bladder cancer are unknown. Molecular subtyping of bladder cancer has identified an aggressive basal subtype, which shares molecular features of basal/squamous tumors arising in other organs and is defined by activation of a TP63-driven gene program. Here, we demonstrate that ATDC is linked with expression of TP63 and highly expressed in basal bladder cancers. We find that TP63 binds to transcriptional regulatory regions of ATDC and KRT14 directly, increasing their expression, and that ATDC and KRT14 execute a TP63-driven invasive program. In vivo, ATDC is required for TP63-induced bladder tumor invasion and metastasis. These results link TP63 and the basal gene expression program to ATDC and to aggressive tumor behavior. Defining ATDC as a molecular determinant of aggressive, basal cancers may lead to improved biomarkers and therapeutic approaches.
Introduction
In the United States, over 79,000 patients will be diagnosed with bladder cancer and >16,000 people will die this year [1] . While noninvasive bladder cancers are common (80%) and often recur after resection, they rarely metastasize. In contrast, bladder tumors which display stromal and/or muscle-invasion (20%) frequently metastasize, even after aggressive multimodality therapy. Thus, a tumor's ability to invade through stroma (T1) and muscle (T2) is a defining feature of aggressive and lethal bladder cancers. Despite the clinical importance of this invasive phenotype, the biological factor(s) which govern invasive progression are poorly defined.
Comprehensive profiling of human bladder cancers has revealed distinct molecular subtypes, which correlate with clinical outcomes [2] [3] [4] [5] [6] [7] . While there is variation in the definition and number of molecular subtypes, all classifications include both basal and luminal groups [8, 9] . The luminal subtype, which demonstrates a more differentiated gene signature with upregulation of genes like KRT20, GATA3, or PPARγ, typically displays a more favorable prognosis. The basal/squamous-like subtype (BASQ-like), which is associated with a TP63-driven gene program, typically expresses high molecular weight keratins such as KRT5, KRT6, KRT14, and lack FOXA1 or GATA3 and portends a worse clinical prognosis. Other subcategories, including p53-like, urobasal A, urobasal B, infiltrative, genomically unstable, and neuronal, each partly overlapping with basal or luminal subtyping have also been proposed [7, 9, 10] . Molecular profiling of BASQ-like bladder tumors has determined that their molecular signature is similar to other types of human basal tumors, such as head and neck squamous cell carcinomas, nonsmall cell lung cancers and basal breast cancers, which are marked by upregulation of TP63-regulated genes, linking this entire family of aggressive, poor prognosis tumors [11] .
TP63 has been proposed to be a regulator of the basal gene program, but it exists in many isoforms which may possess distinct transcriptional activity [11, 12] . Specifically, TP63 has two alternate promoters/start sites which result in two distinct N terminal protein domains, TA (transactivation) or the dN domains. Both the TAp63 and dNp63 isoforms have α, β, and γ splice variants in the carboxyl terminal region, resulting in multiple TP63 isoforms [13] . Previously, dNp63 isoform expression was linked to basal cells in normal urothelium and to worse prognosis among patients with invasive bladder cancers [14] .
Ataxia telangectasia group D complementing (ATDC), also known as TRIM29, is an oncogene which promotes tumorigenesis in many organs [15] [16] [17] [18] . ATDC is highly expressed in human bladder cancers and overexpression is sufficient to drive bladder cancer development in transgenic (tg) mice [16] . ATDC expression also promotes invasion in pancreatic and bladder cancer cells [16, 19] . Nonetheless, it is rarely mutated or amplified in human cancers (cancer. sanger.ac.uk/cosmic/). While other groups have implicated miR-185 and -761 and ATM as mechanisms of ATDC expression modulation in other tumors, there is no evidence that expression of these molecules correlates with ATDC expression in human bladder cancers [20] [21] [22] [23] [24] . Thus the factor(s) governing ATDC regulation in bladder cancer have not been clearly defined.
Here, we demonstrate that ATDC expression is linked to TP63 expression and both are enriched in aggressive basal bladder cancers. We demonstrate that TP63 drives ATDC expression and binds directly to transcriptional enhancer sites within the first intron of ATDC using chromatin immunoprecipitation. TP63 expression also induces increased transcription of the basal gene KRT14 and together, ATDC and KRT14 promote basal bladder cancer cell invasion in vivo and in vitro. This work defines TP63 as a critical upstream regulator of ATDC, which serves to mediate an invasive basal gene program.
Results

ATDC expression is highly correlated with expression of TP63 and basal genes
ATDC is a driver of cancer formation and invasion but it is not commonly mutated or amplified [15, 16, 18, 19] . To identify genes which might regulate ATDC expression in cancer, we examined RNA-seq data from TCGA human urothelial carcinomas using the cBioPortal tool [24, 25] . Of the top 30 genes whose expression was most correlated with ATDC expression in human bladder cancer, only 3 were putative regulators of gene transcription and of these, only the tumor protein p63 (TP63, Spearman's R = 0.54, Pearson's R = 0.46, p < 0.00001, Table 1 ) has an established role in cancer biology. TP63, a paralog of p53, has been proposed as a transcriptional regulator of the basal gene program and is upregulated in basal subtype bladder, breast and ovarian cancers [11] . Interestingly, expression of other basal genes, such as KRT5 and KRT6A were also significantly correlated with ATDC expression in the TCGA bladder cancer data set (Table 1 ). Since TP63, KRT5, and KRT6A are markers of aggressive BASQ-like bladder tumors which have poor prognosis, we decided to further interrogate the relationship of TP63 and ATDC in basal subtype cancers.
To examine ATDC's relationship to TP63 and other genes associated with a basal molecular signature in human cancers, we compared expression of ATDC, TP63, KRT14, and KRT5, in TCGA RNA sequencing data from multiple tumor types ( Fig. 1a) [24, 25] . ATDC was significantly correlated with TP63, KRT14, and KRT5, across multiple tumor types including bladder, breast, prostate, and esophageal cancer ( Fig. 1a ; all p values < 0.0001).
ATDC is enriched in basal subtype bladder cancers
TP63 and the basal keratins, KRT14, KRT6, and KRT5 are enriched in the aggressive BASQ-like subtype of bladder cancer [7] . To further explore the relationship between ATDC and basal subtype bladder cancers, we performed hierarchical clustering of 408 human bladder cancer specimens from TCGA using published luminal (UPK1B, KRT20, UPK2, and UPK3A) and basal (CD44, KRT14, KRT6B, and KRT5) marker genes ( Fig. 1b) [2] [3] [4] . This analysis defined two clusters corresponding to basal (n = 117) and luminal (n = 291) tumors and demonstrated that TP63 and ATDC expression clustered with basal marker genes ( Fig. 1b ). To determine whether ATDC or TP63 was upregulated in basal vs. luminal subtypes, we next compared mRNA levels of each along with individual basal and luminal marker genes ( Fig. 1c, d , Supplemental Fig. 1a, b ). As expected, luminal tumors had higher expression of luminal marker genes and basal tumors had higher expression of basal marker genes (Supplemental Fig. 1 ). Both ATDC and TP63 had significantly higher expression in basal vs. luminal bladder cancers (Fig. 1c, d and Supplemental Fig. 1c , p = 3.59 × 10 −22 and p = 2.6 × 10 −21 , respectively), demonstrating that ATDC mRNA expression is enriched in basal subtype tumors. Updated analysis of bladder cancers including the TCGA bladder cohort has further divided patients into five molecular subtypes; basalsquamous, luminal-papillary, luminal-infiltrated, luminal, and neuronal [9, 10] . Using these subtype categories, we examined ATDC and TP63 mRNA expression in the TCGA cohort and found that ATDC expression was highest in the Fig. 2 ). Pair-wise Wilcox testing revealed significantly higher ATDC expression in basal-squamous vs. luminal papillary, luminal and luminal-infiltrated subtypes (p = 0.000542) and in basal-squamous vs. neuronal subtypes (p = 0.0000154). These results confirm that ATDC mRNA expression is enriched in the basal-squamous subtype of bladder cancer.
To determine if ATDC protein level was also elevated in basal bladder cancers, we performed immunohistochemical (IHC) staining of ATDC, KRT14, KRT20, and TP63 in 45 T2-T4 high-grade muscle invasive urothelial carcinomas. ATDC protein staining was enriched in samples with higher TP63 and KRT14 levels, whereas ATDC was lower in KRT20+ luminal tumors (representative images shown in Fig. 1e ). To quantitate this difference, ATDC was scored based on intensity of IHC staining (0-3) in basal (KRT14+) and luminal (KRT20+) tumors and we found higher mean ATDC protein levels in basal vs. luminal human bladder cancers ( Fig. 1f , n = 45, p = 0.02). These results indicate that ATDC protein level is significantly higher in basal subtype human bladder cancers.
dNp63α expression is linked to ATDC and drives basal gene expression
TP63 exists in many isoforms which may possess distinct transcriptional activity ( Fig. 2a) [11, 12] . To examine which isoforms are expressed within basal and luminal human bladder cancers and understand their relationship with ATDC, we examined expression of each TP63 isoform in the TCGA bladder cancer cohort and in 19 human bladder cancer cell lines [26, 27] . We found that the dNp63 isoforms were the most commonly expressed isoforms in both human TCGA specimens, representing 99% of total TP63 expression ( Fig. 2b ) and in bladder cancer cell lines ( Fig. 2c ). All 3 of the major dNp63 C terminal variant isoforms were detected, with dNp63α representing 71% of total TP63 expressed in bladder cancer. dNp63α expression was threefold higher than the next most common isoform, dNp63β (p = 2.86 × 10 −27 ) ( Fig. 2b, c) . Further, dNp63α, β, and γ expression was significantly higher in basal as compared to luminal subtype tumors ( Fig. 2b ). Although the TA forms of TP63 were not detected in cell lines ( Fig. 2c ), TAp63 was detectable in a small subpopulation of human samples, representing less than 1% of all TP63 present in the TCGA bladder cancer cohort ( Fig. 2b ). We next correlated expression of each individual isoform with ATDC expression using the TCGA bladder cancer dataset. Expression of all three dNp63 isoforms (α, β, γ) was highly correlated with ATDC mRNA expression ( Fig. 2d ).
To determine if dNp63 or TAp63 isoforms were capable of upregulating ATDC, we overexpressed both in UC10 and UC14 bladder cancer cell lines and measured the effect on ATDC expression. Ectopic expression of dNp63α increased ATDC protein levels in both cell lines ( Fig. 2e ). While TAp63α overexpression also increased ATDC levels to a lesser degree in both cell lines ( Fig. 2e ), we chose to focus on dNp63α since it has previously been associated with regulation of aggressive basal gene programs [11] and poor patient outcomes [14, 28] and because the TAp63 isoforms are rarely expressed in human disease (Fig. 2b, c ). To confirm that dNp63α also promoted expression of KRT14 and KRT6A, other genes associated with the basal signature, we measured their expression using quantitative reverse transcription polymerase chain reaction (qRT-PCR) in our bladder cell lines with ectopic expression of dNp63α and found that dNp63α drives upregulation of these basal genes ( Fig. 2f ). Taken together, these results suggest that dNp63α is the predominate isoform of TP63 expressed in human bladder cancer and is a regulator ATDC expression in bladder cancer.
dNp63α binds to an intronic enhancer of the ATDC gene
If TP63 is a transcriptional regulator of ATDC, then one would predict that it binds to regulatory DNA elements of ATDC. Chromatin immunoprecipitation of TP63 combined with massive parallel sequencing (ChIP-seq) in human keratinocytes has revealed >7500 putative TP63-binding sites [29] . To determine if TP63 had putative binding sites within gene regulatory sequences of ATDC we downloaded this data set (GEO accession number GSE32061) and examined enriched sequences near the ATDC genomic locus using the UCSD genome browser ( Fig. 3a ) [30] . We identified three regions enriched by TP63 ChIP, all within the first intron of ATDC and corresponding to regions of known H3K27 acetylation indicative of transcriptional regulatory sites. These data suggest that TP63 may be a direct transcriptional regulator of ATDC by binding to an intronic enhancer region of the gene.
To confirm that TP63 binds these ATDC intronic sites in bladder cancer cell lines, we designed PCR primers to amplify DNA sequences corresponding to these three peaks Fig. 1b . Line represents mean log2 RSEM expression. Expression differences between luminal and basal subtypes were highly statistically significant: ATDC p = 3.59 × 10 −22 and TP63 p = 2.6 × 10 −21 . e Immunohistochemical staining for ATDC, KRT14, KRT20, and TP63 in human muscle invasive bladder cancer samples demonstrates ATDC co-expression in representative tumors with basal marker expression (top 2 panels), but not in luminal tumors expressing the marker KRT20 (bottom 2 panels). f Bar graph showing ATDC protein expression as measured by IHC in basal (KRT14+, n = 15) and luminal (KRT20+, n = 30) human bladder tumors. Expression of ATDC was scored 0 (no staining) to 3 (intense staining) by experience observer blinded to experimental conditions. Student t test p value = 0.02. Error bars = SEM (P1-P3 in Fig. 3a ) and performed ChIP of TP63 in UC14, UC5 (both with high-endogenous ATDC and TP63 expression and UC10 (low-endogenous ATDC and TP63 expression)) bladder cancer cell lines with and without ectopic expression of dNp63α. In UC14 (Fig. 3b ), TP63 ChIP enriched for the three putative ATDC intronic TP63-binding sites as well as a known TP63 target gene, CDKN1A, but not negative controls (Satellite DNA or RPL30, a non-TP63 target ribosomal gene). Ectopic expression of dNp63α (dNp63 OE) did drive significantly increased TP63-binding to ATDC intronic sites in UC14 which already has high endogenous TP63 expression (Figs. 2e and 3b). Similar results were seen in the UC5 cell line which also harbors high endogenous levels of TP63 and ATDC (Fig. 3c ). In UC10, no TP63 enrichment of ATDC intronic sequences was observed in control cell lines which have low endogenous TP63 expression, but ectopic overexpression of dNp63α did increase TP63 ChIP of ATDC intronic sequences (Fig. 3d ). The KRT14 promoter is another known target of TP63 binding and regulation [29, 31] . To determine if TP63 ChIP also enriched KRT14 promoter sequences in bladder cancer cell lines, we performed TP63 ChIP and found significant enrichment of the previously defined KRT14 promoter site in UC10 and in UC14 cells with ectopic dNp63α expression ( Fig. 3e, f) . Together these results demonstrate that TP63 binds directly to enhancer elements within the first intron of ATDC and the promoter of KRT14.
dNp63α drives expression of ATDC
Since TP63 expression was tightly correlated with ATDC expression and bound to regulatory sequences within the first intron, we hypothesized that TP63 was a transcriptional activator of ATDC. This was supported by ectopic expression of dNp63α, in UC10 and UC14 driving upregulation of ATDC ( Fig. 2e ). Other groups have also implicated ATDC in regulation of TP63 in other tumor types [32] . To confirm that TP63-regulated ATDC expression and to determine if ATDC also regulated TP63 expression, we knocked down TP63 or ATDC in UC5 and UC14 bladder cancer cell lines. We observed that knockdown of TP63 decreased ATDC protein and mRNA, but ATDC knockdown had no effect on TP63 expression ( Fig. 4a, b , c). To confirm that TP63 was a transcriptional activator of ATDC and KRT14, ATDC and KRT14 reporter plasmids (tdTomato or GFP reporters, respectively) were co-transfected with empty vector or dNp63α expression vectors into 253J (low endogenous TP63 expression) and UC5 (high-endogenous TP63 expression) bladder cancer cell lines and fluorescence was measured. Overexpression of dNp63α significantly increased ATDC and KRT14 reporter expression (Supplemental Fig. 3) . These results implicate TP63 as a specific transcriptional activator which drives increased expression of ATDC and KRT14.
KRT14 has previously been implicated in mediating basal cancer cell invasion and is directly regulated as part of the basal gene program induced by TP63 [4, 11, 33] . KRT14 is upregulated in bladder cancer by TP63 and its expression is tightly correlated with ATDC expression in human bladder cancers ( Figs. 1 and 2) . Therefore, we next wanted to determine whether ATDC is required for TP63-mediated upregulation of KRT14. To measure this, we knocked down ATDC in cells with and without ectopic dNp63α expression and measured expression of TP63, ATDC, and KRT14 mRNA using qRT-PCR in UC10 and UC14 cells ( Fig. 4d i). Ectopic overexpression of dNp63α increased TP63 mRNA levels by 100 fold in UC10 and 15-fold in UC14, while knockdown of ATDC had no effect on TP63 expression ( Fig. 4d, e ), suggesting that ATDC does not regulate TP63 expression in bladder cancer cells. Ectopic overexpression of TP63 increased ATDC mRNA levels as expected in both cell lines ( Fig. 4f, g) . Ectopic overexpression of TP63 also promoted increased expression of KRT14 mRNA and this increase was abrogated by knockdown of ATDC (Fig. 4h, i) . To further confirm the specificity of these findings, we generated CRISPR-Cas9 mediated genomic knockout of ATDC in the UC14 cell line (Fig. 4j, l) . Knockout of ATDC reduced expression of KRT14 mRNA and protein, but had no effect on TP63 expression, similar to siRNA knockdown experiments (Fig.  4k, l) . To confirm that ectopic TP63 expression drove increased ATDC and KRT14, dNp63α was overexpressed in UC14 ATDC wild type or KO cells and protein levels were measured by western blotting (Fig. 4l ). TP63 overexpression did increase ATDC and KRT14 protein levels as expected ( Fig. 4l and Supplemental Fig. 4 ). Similar results were obtained with UC5 cells (data not shown). These results suggest that TP63 is an upstream regulator of both ATDC and KRT14 and that ATDC regulates expression of KRT14. Fig. 2 dNp63α is the most commonly expressed isoform of TP63 in bladder cancer and drives ATDC and basal gene expression. (a) Schematic diagram of TP63 isoforms. a Schematic diagram of TP63 isoforms. b Analysis of TCGA RNA sequencing data from bladder cancer samples (BLCA) classified as basal or luminal subtype demonstrates that dNp63α is predominate isoform expressed in human bladder cancer followed by dNp63β and dNp63γ respectively. dNp63α, β, and γ were all more highly expressed in basal vs. luminal subtypes (5.65-fold increase, p = 8 × 10 −22 ; 6.06-fold increase, p = 2.3 × 10 −17 ; 4.1-fold increase, p = 1.7 × 10 −24 ). 
dNp63α induces invasion and proliferation via upregulation of ATDC and KRT14
Knockdown of ATDC expression blocks invasion in bladder cancer cell lines [16] . Recent work has identified an important role for keratins in epithelial cell migration [34] . Further, TP63 and KRT14 promote keratinocyte migration and breast cancer cell invasion [33, 35] . We, therefore, hypothesized that TP63 drives an invasive phenotype via upregulation of ATDC and KRT14. To test this, we overexpressed dNp63α or ATDC in human bladder cancer cell lines (253J, UC10, and UC14) and measured invasion using transwell assays. Overexpression of dNp63α significantly increased invasion in all three bladder cancer cell lines ( Fig.  5a-c) . We also confirmed that overexpression of ATDC significantly increased invasion in the same bladder cancer cell lines, similar to what was previously observed (Fig. 5a c) [16, 18, 19, 36] . To determine if TP63-induced invasion was dependent on expression of ATDC or KRT14, we next knocked down ATDC, TP63, and KRT14 in control cells and cells overexpressing dNp63α. siRNA-mediated knockdown of ATDC, TP63, and KRT14 blocked TP63induced invasion in both UC10 and UC14 cell lines (Fig.  5d, e ). To further confirm that ATDC was required for TP63-induced invasion, we overexpressed dNp63α in UC5 and UC14 bladder cancer cells with and without CRISPRmediated ATDC knockout. We found that dNp63α overexpression significantly increased transwell invasion, but that this TP63-driven invasion was blocked by ATDC KO (Fig. 5f, g) .
We have previously shown that ATDC expression promotes cancer proliferation by effects on β-catenin and PTEN [16, 18] . To determine if dNp63α also promoted proliferation and if ATDC and KRT14 were required for this effect, we knocked down ATDC or KRT14 using siRNA in UC14 bladder cancer cells expressing empty vector or dNp63α. Overexpression of dNp63α increased cell proliferation which was significantly reduced by knockdown of ATDC and KRT14 (Supplemental Fig. 5 ).
Since the effect of dNp63α on cancer cell proliferation could confound transwell invasion assays, we next interrogated the invasive phenotype induced by ATDC and TP63 in a 3D tumor spheroid model system where cellular invasion and motility could be observed directly [37] . In this system, tumor spheroids (~50 μm in diameter) were generated by culturing isogenic UC14 and UC5 bladder cancer cells with or without dNp63α overexpression and CRISPR-mediated ATDC knockout in nonadherent conditions. We embedded the resulting tumor spheroids in type 1 collagen and monitored invasion using time-lapse microscopy for 72 h. ATDC knockout blocked 3D tumor spheroid invasion and dNp63α overexpression promoted more extensive invasion and migration at 72 h ( Fig. 5h -k, supplemental video). This effect was abrogated by ATDC knockout (Fig. 5h-k, Supplemental video) . Together these results demonstrate that TP63 drives an invasive and proliferative program in basal bladder cancer and this program requires ATDC and KRT14.
dNp63α promoted bladder tumor growth, invasion, and metastasis in vivo
We next sought to determine if TP63-promoted tumor growth and invasion in vivo and to define the contribution of ATDC to this behavior. Ectopic dNp63α overexpression in UC10 and UC14 cells promoted tumor cell growth in vivo compared to control cells (Fig. 6a, b, Supplemental  Fig. 6 ). H&E sections of these orthotopic bladder tumors demonstrated that dNp63α overexpression drove significant muscle invasion for UC10 tumors, whereas control tumors did not demonstrate muscle invasion (Fig. 6c, d , Supplemental Fig. 6 ). To determine if ATDC expression was required for TP63-induced invasion and growth in vivo, we utilized isogenic UC14 cell lines with and without CRISPRmediated ATDC knockout and ectopic expression of dNp63α (OE) (Fig. 4l ). Ectopic expression of dNp63α promoted tumor growth and invasion compared to empty vector controls whereas ATDC knockout blocked TP63promoted tumor growth (p = 0.0025 and 0.0173, respectively) (Fig. 6e, f, Supplemental Fig. 7) . To determine the impact of dNp63α and ATDC on metastases in vivo, we inoculated bladders with luciferase labeled UC10 cells stably transduced with control or dNp63α OE vector with or without shRNA knockdown of ATDC and tumor growth and metastasis was monitored using bioluminescence ( Fig.   Fig. 3 TP63 binds to ATDC enhancer and KRT14 promoter elements. a TP63 chromatin immunoprecipitation (ChIP) sequencing data from human keratinocytes (GEO accession number GSE32061) identifies three putative TP63-binding sites within ATDC enhancer. Putative TP63-binding sites correspond to transcriptionally active regions marked by H3K27 acetylation. P1-P3 refer to location of PCR products used in (b-d). b ChIP of TP63 (p63α IP) in the UC14 bladder cancer cell line transduced with control or dNp63α overexpression (dNp63α OE) vectors indicates enrichment of ATDC P1-P3 sequence compared to IgG controls. dNp63α overexpression increased TP63 occupancy of binding sites in UC14. CDKN1A is a positive-control target of TP63-binding. Satellite and RPL30 are negative controls. c TP63 ChIP in UC5 bladder cancer cell line confirms TP63 occupancy on ATDC P1-3 binding sites. d TP63 ChIP in UC10 bladder cancer cells (low endogenous TP63 and ATDC) with and without ectopic dNP63α expression demonstrates TP63 occupancy at ATDC promoter sites only in cells with ectopic dNp63α expression. e, f TP63 ChIP in UC10 and UC14 cells with ectopic dNp63α demonstrates enrichment of KRT14 promoter element. All samples are done in triplicate. Error Bars = S.D. * denotes a statistically significant difference (p < 0.05, student t test) compared to satellite negative control for all panels. # denotes a statistically significant difference (p < 0.05, student t test) compared to both satellite negative control and vector control conditions for all panels 6g, h). dNp63α OE resulted in larger tumors (Fig. 6g ) and induced metastases (Fig. 6h, yellow arrows) , an event not observed in control animals. Interestingly, shRNA-mediated knockdown of ATDC in the UC10 dNp63α OE cells significantly reduced tumor growth and completely blocked metastatic spread (Fig. 6g, h) . These results demonstrate that expression of dNp63α promotes tumor growth, invasion and metastasis in vivo and that dNp63α-induced metastasis is dependent on ATDC.
Discussion
Patients with BASQ-like subtype bladder cancer typically have worse outcomes and shorter overall survival than other bladder cancer subtypes [3, 4, 7, 38] , but the molecular events driving this behavior are incompletely understood [11] . Here, we establish that TP63 directly regulates ATDC expression and mediates invasion in basal subtype bladder cancer using 3D invasion assays and orthotopic xenograft models. Since ATDC is rarely mutated or amplified in human cancers and the molecular events leading to increased expression have been incompletely defined, this data not only identifies ATDC as a novel mediator of basal tumor biology, but defines a new mechanism of expression regulation for this important oncogene. These results help to establish TP63, ATDC, and KRT14 as an important regulators of the aggressive phenotype of basal tumors.
A TP63-regulated gene program has previously been proposed to be an important marker of basal tumor biology a siRNA-mediated knockdown of TP63 reduced ATDC expression in UC5 and UC14 bladder cancer cell lines, but siRNA-mediated knockdown of ATDC had no effect on TP63 expression as measured by western blotting. IRF6 serves as a known TP63 target control. b, c siRNA-mediated knockdown of TP63 reduces TP63 and ATDC mRNA expression as measured by qRT-PCR in UC14. Error Bar = S. D. * p < 0.0001 compared to siCtl. d-e Overexpression of dNp63α (dNp63α-OE) in UC10 (d) and UC14 (e) promotes increased expression of TP63 mRNA (qRT-PCR) compared to empty vector control (Vector) which was not effected by knockdown of ATDC with siRNA. Error Bar = S.D. N = 3. * p < 0.0001, ** p = 0.0099 compared to Vector siCtl for (d). * p = 0.0005, ** p = 0.05, each compared to Vector siCtl for (e). f, g dNp63α-OE upregulated expression of ATDC mRNA (dNp63α-OE siCtl compared to Vector siCtl) in UC10 (f) and UC14 (g). Error Bar = S.D. N = 3. * p < 0.0001 compared to Vector siCtl, ** p = 0.0007 compared to Vector siCtl, *** p < 0.0001 compared to dNp63α-OE siCtl for (f). * p < 0.0001 compared to Vector siCtl, ** p < 0.0001 compared to Vector siCtl, *** p = 0.0001 each compared to dNp63α-OE siCtl for (g). h, i dNp63α-OE upregulated expression of KRT14 mRNA (dNp63α-OE siCtl compared to Vector siCtl), but this upregulation was reduced by ATDC siRNAmediated KD (dNp63α-OE siCtl compared to dNp63α-OE siATDC) in UC10 (h) and UC14 (i). Error Bar = S.D. N = 3. * p = 0.06 compared to Vector siCtl, ** p = 0.0012 compared to Vector siCtl, *** p = 0.03 compared to dNp63α-OE siCtl for (h). * p = 0.007 compared to Vector siCtl, ** p = 0.0313 compared to dNp63α-OE siCtl for (i). j CRISPR-Cas9 mediated genomic ablation of ATDC in UC14 (ATDC Knockout #1 and 2) results in loss of ATDC mRNA. Error Bars = S.D. n = 3. * p < 0.0001 compared to ATDC wild type. k ATDC Knockout results in significant decrease in KRT14 mRNA expression. Error Bars = S.D. n = 3. * p < 0.001 compared to wild type. l UC14 ATDC knockout (KO) cells have reduced ATDC and KRT14 protein expression compared to ATDC wild type (Wt). dNp63α-OE increased ATDC and KRT14 expression [4, 11, 28] . The basal cytokeratins are proposed to play important roles in cell migration and invasion [34, 35] .
Here, we demonstrate that TP63 overexpression is sufficient to drive expression of ATDC and the basal intermediate filament gene, KRT14. Together, ATDC and KRT14 are required for invasion. Data from other tumor types has established that a basal gene program involving TP63 and KRT14 is employed in invasive leader cells of breast cancer where these genes are selectively upregulated in the invading cancer cells and mediate invasive progression [33] . Interestingly, ATDC is also upregulated in these invasive leader cells (personal communication, Andrew Ewald), suggesting that it is also linked to basal invasion programs in breast cancer and other cancer types. Therefore, this TP63-ATDC invasive axis appears to be conserved across basal subtype tumors suggesting that understanding this pathway has potential importance for many patients with diverse tumor types.
The observation that knockdown/knockout of ATDC negatively influenced KRT14 expression was potentially unexpected since TP63 was found to be a transcriptional activator and upstream of both genes (Fig. 4) . We have previously shown that ATDC functions by activation Wnt/ β-catenin signaling [16, 18] . Wnt/β-catenin has recently be shown to upregulate KRT14 during cutaneous wound healing [39] suggesting that the effect of ATDC on KRT14 expression could be mediated through Wnt/β-catenin signaling. In addition, ATDC has been previously shown to bind to, sequester and inhibit TP53 [40] , which itself has been shown to be a transcriptional repressor of KRT14 [41] . Therefore, although TP63 is an upstream regulator of both ATDC and KRT14 transcription, multiple feedforward or backward mechanisms may exist linking ATDC to KRT14 transcriptional regulation and this may represent an area for future investigation.
TP63 is commonly expressed in bladder and other tumor types with basal-squamous histology. Our analysis of TP63 isoform expression in bladder cancers in TCGA and in bladder cancer cell lines represents a first comprehensive look at TP63 isoform expression in this disease. We find that dNp63α is the most highly expressed isoform (representing the vast majority of TP63 transcripts in most bladder cancers) followed by the dNp63β and γ isoforms. In contrast TAp63 isoforms are rarely expressed in human bladder cancers. It has previously been proposed that dNp63 and TAp63 isoform expression may correlate with patient outcomes and that dNp63 expression correlates with more aggressive disease in patients with muscle invasive bladder cancer [14, 28, 42] , while others have suggested that dNp63 expressing tumors have a favorable prognosis [43] . Our data supports the ability of dNp63α to drive aggressive tumor behavior by upregulation of ATDC and promotion of tumor invasion and metastasis in vitro and in vivo. Interestingly, the TAp63 isoform was also able to upregulate ATDC, although to a lesser degree. Future work will be necessary to define how TAp63 and dNp63 isoforms interact in the rare cases where they are co-expressed in bladder cancers.
Given the poor clinical outcomes of patients with BASQlike bladder cancers, it is essential to develop a better understanding of the pathways which drive their formation and progression. The identification of ATDC as a major driver of tumor formation [16] and our findings here that TP63 regulates ATDC as a part of a basal gene program, establish an important linkage between TP63, ATDC, and aggressive tumor biology. These data suggest that TP63 and ATDC are potential biomarkers of invasive progression, a critical determinant of outcome in patients with bladder cancer. Identification of TP63 and ATDC as drivers of basal tumor biology suggest a new therapeutically targetable pathway for patients who currently lack adequate treatment options.
Materials and methods
Bioinformatic analyses
Description of RNA sequencing data sources, gene level and isoform expression analyses and molecular subtype analyses are available in Supplemental Material and Methods.
Cell culture
The bladder cancer cell lines UM-UC5, UC9, UC10, UC14, and 253J were obtained from ATCC (253J) or Monica Liebert (UM-UC5, UC9, UC10, and UC14), finger-printed, mycoplasma negative, and passaged in DMEM with 10% serum as previously described [16] .
Tissue microarray construction and immunohistochemistry
Detailed information is described in Supplemental Material and Methods.
Generation of TP63 overexpression constructs
Generation of TP63 overexpression constructs is described in detail in Supplemental Material and Methods.
Immunoblot analysis
Immunoblot analysis was done as previously described [18] and antibody information is available in Supplemental Material and Methods.
Quantitative RT-PCR
Total RNA isolation, generation of cDNA and RT-PCR utilizing TaqMan Fast Universal PCR Master Mix was performed as previously described [16] and information on probes is available in Supplemental Material and Methods. All reactions were performed in triplicate. mRNA expression was normalized to endogenous GAPDH.
Chromatin immunoprecipitation
All ChIP experiments were carried out using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology, Danvers, MA) according to kit protocol. Antibody and primer sequences are available in Supplemental Material and Methods.
siRNA knockdowns and CRISPR-mediated ATDC knockout
Predesigned SMART pool Ontarget plus siRNAs targeting TP63, ATDC, KRT14, and nontargeting controls were obtained from GE Dharmacon (Lafayette, CO) and transfected into cells using Lipofectamine RNAiMAX transfection reagent (ThermoFisher Scientific). ATDC knockout . Bioluminescent imaging of three representative mice from each group are shown 1, 3, and 5 weeks after inoculation of bladder. Numbers and arrows indicate liver metastases confirmed by serial bioluminescent imaging, necropsy, and H&E. Numbered H&E images of liver metastases shown on the right match numbered bioluminescent images. Bar = 50 μM bladder cancer cell lines were generated using the Edit-R CRISPR-Cas9 system from Dharmacon (GE Healthcare, Lafayette, CO). Edit-R Lentiviral hEF1α-Blast-Cas9 lentiviral particles were transduced into UM-UC5 and UC14 cells and stable Cas9 expressing line was generated by blasticidin selection. Cells were co-transfected with tracrRNA and ATDC-targeting crRNA (CR-012409-02-0005) specific for exon 1 or with non-targeting crRNA control (U-002000-05) all from Dharmacon. Individual colonies were selected and screened for loss of ATDC expression and targeted mutations were confirmed using PCR and DNA sequencing.
Transwell invasion assays
Invasion assays were performed using Collagen Cell Invasion Assays (ECM551) purchased from EMD Millipore (Darmstadt, Germany) and following manufacturer's instructions as previously described [16] .
3D invasion assays and imaging
3D spheroid invasion assays were carried out as previously described. [37] Additional information is available in Supplemental Material and Methods.
Cell proliferation assays
Cell proliferation was measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI) and luminescence was read using a 96 well plate reader.
Orthotopic Bladder Tumor Models
UC14 or UC10 bladder cancer cells (500,000) were injected into the bladder of each NSG mouse as previously described [44] . Gender and ages (8-10 weeks old) were balanced between each group. Tumor formation and metastasis was monitored by palpation and bioluminescent imaging. Mice were sacrificed after 4-6 weeks depending on the cell line. Mouse bladders and internal organs were submitted for H&E and subsequent analysis. All animal experiments were in compliance with protocols approved by University Committee for the Use and Care of Animals (UCUCA) at the University of Michigan. Center values are means unless indicated in legend. Each experiment was repeated independently at least twice. For the animal experiments, animals were excluded if they died prior to completion of study. Animal sample sizes were chosen based on experimental feasibility and no randomization or blinding was employed.
Statistics and general methods
